Abstract: Catalase is well known antioxidant enzyme which catalyses the dissociation of hydrogen peroxide directly into H 2 O and O 2 . Mammalian catalase has been considered as 'a venerable enzyme with new mysteries'. Some aspects of its mechanism of action are mystifying and many of new findings are still unexplained. To fill up the gap we propose the 'Hydroxyl Radical Generation Theory (HRGT)' with possible mechanism. According to HRGT, mammalian catalase apart from its known catalytic reaction generates hydroxyl radicals (HRs). The HR generation mainly depends on concentration of specific substrate, hydrogen peroxide. The present theory is supported by previous experimental findings and has great deal of observational evidences. The proposed mechanism of generation of HRs answer several unexplained features of mammalian catalase, however, should be tested further.
Introduction
Catalase plays very important role in maintenance of human body ambiance mainly through regulation of hydrogen peroxide metabolism [1] . It catalyses the dissociation of hydrogen peroxide directly into H 2 O and O 2 . The altered catalase activity has been observed in number of disease conditions [2] [3] [4] . The crystal structure of tetrameric human erythrocyte catalse (HEC) has been identified which was very similar to those of bovine liver catalase (BLC) [5, 6] with functionally important amino acid sequences conserved [7] .
A structure-based mechanism of catalytic reaction has also been described [8] and accordingly hydrogen peroxide is selected by and concentrated at the active site of catalase through a molecular ruler. Active site of catalase is accessible to H 2 O 2 through a 25 Å long main channel containing 2-3 Å hydrophobic constriction near active site. The molecular ruler is generated in this hydrophobic constriction. As shown in Figure 1 , The H 2 O 2 molecule than oxidizes the haem iron of the resting state (ferricatalase) to form an oxyferryl group with a π-cationic porphyrin radical, termed as compound-I. A molecule of water is coproduced. In the second step, compound-I oxidize a second peroxide molecule to molecular oxygen and release the ferryl oxygen species as water molecule. In this way two molecules of hydrogen peroxide are converted into two molecules of water and one molecule of oxygen. Heterolytic cleavage of the peroxide bond is driven through interactions with the electron-rich active site metal and nearby amino acids (His75 and Asn148) present at distal end of haem group. In addition, a charge-relay system including amino acid residues Tyr358, Arg354, His218 and Asp348 (at proximal end) tunes the metal site for catalytic reaction.
Though the above mechanism is widely accepted and overall explains the catalytic reaction but leave many aspects mystified; summarized in Table 1 and 2 [3, 4] . The catalytic reaction and HRG mechanism. Active site of catalase, the haem moiety, in different stages has been shown with surrounding amino acids. The active site is tuned without compromising peroxide binding through a charge relay. During catalytic reaction, the direction of charge relay from different amino acids (Tyr-ArgHis-Asp) is represented by a wide arrow with Tyr358 molecule. Resting state is depicted with forward charge relay whereas compound-I with reverse charge relay. In haem, 04 nitrogen atoms form 04 coordination bonds with ferrous ion. Coordination bond electrons continuously move from one bond to another. Due to this resonance an electron cloud (dark shed disc around Fe) is formed which can spare electron to participate in catalytic reaction (shown outside the electron cloud). In resting state the fifth bond with Tyr358 drag Fe III (center of the electron cloud) towards proximal end. During compound-I formation, forward charge relay system acts to increase electron density at the active site and bring iron ion in the plane of haem. In HRG mechanism, one hydroxyl radical is released during the formation of compound-II and another during its conversion into resting state. Role of water molecules in catalytic reaction.
2.
Compound-II formation during catalytic reaction.
3.
The generation of hydroxyferryl form of compound-II.
4.
Spontaneous and relatively slow conversion of inactive compound-II to the resting state enzyme.
5.
Mammalian catalase has shown limited ability to act as peroxidase despite the fact that active site is accessible only for few very small molecules like H 2 O and H 2 O 2 molecules.
6.
The peroxidatic reactions are noticeable at low H 2 O 2 concentrations whereas the catalatic reaction predominates at higher H 2 O 2 concentrations.
7.
The peroxidatic activity relatively slow.
8.
The precise role of catalase bound NADPH. It largely seems to be prevention (rather than reversal) of compound-II formation.
9.
Bovine catalase uses unbound NAD(P)H to prevent substrate inactivation without displacing catalasebound NADP + .
10.
On exposure to H 2 O 2 generated at a constant rate, bovine liver catalase uses NADPH at a rate several times faster the rate at which compound-II is formed in the absence of NADPH.
11.
Presence of unknown endogenous donors which is recycled through reduction by a molecule (other than NADPH) that is constantly present.
12.
In specific condition enzyme consumed H 2 O 2 as its only substrate without generating O 2 .
13.
Compound-I is a powerful oxidant which could cause damage to catalase heme or protein. The paradox of this concept that the risk of damage from H 2 O 2 is highest with its low concentration. 14.
Catalase produces reactive oxygen species when exposed to UVB light.
Presentation of the hypothesis
We found earlier (unpublished data) that bovine liver catalase is involved in generation of hydroxyl radicals (HRs) at low concentrations of H 2 O 2 . The study needed more controls; however, a possible mechanism of HR generation was developed and tested if it can address the unexplained features of mammalian catalase.
Hydroxyl Radical Generation Theory (HRGT)
As per HRGT (Figure 1 
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. should be slow as strong oxidant nature of compound-I was partially satisfied during the formation of compound-II.
HRs are highly reactive oxygen species (ROS).
The water molecules present at close vicinity of active site would be better targets for newly generated HRs compare to nearby amino acids. HRs by a chain reaction reach out of catalase molecule through a lateral channel (Figure 2 &  3) . NADPH present at the end of channel can reduce HRs. HR may also come out from main channel if no H 2 O 2 molecule is present in the main channel and/or with lateral channel closed.
Testing the hypothesis
As a whole, HRGT describe the specific conditions and mechanism of generation of HRs by mammalian catalase. It also describes the removal of HRs from active site and further reduction by NADPH. In following write-up under the separate headings, the unexplained facts and findings related to mammalian catalase Figure 2 . Two subunits of tetramer human erythrocyte catalase can be identified in yellow-brown and white colour separately. Haem active site and NADPH are shown in cyan color whereas water molecules are in red. Haem molecules are at the center of image and deep buried in subunit structure. NADPH is present on the surface and linked with haem through a lateral channel. Protein structure analysis studies with help of PyMol software shows that water molecules can pass through lateral channel.
are discussed followed by their explanations based upon HRGT.
Role of water in catalytic reaction
It was earlier postulated that the absence or presence of a water molecule at near vicinity of compound-I provides the structural basis for a redox pathway switching mechanism (Rea n 1 & 2). In absence of water molecule 2-electron equivalent reduction of compound-I take place (Rea n 3) whereas in presence of water only 1-electron equivalent processes are possible (Rea n 4), unless release of water can be stimulated [9] . In the same study the nucleophilic attack by water on the compound-I was mentioned with reference under the heading 'water in enzyme degradation'.
The HRGT support the role of water in catalytic reaction as shown in Figure 1 . Mechanism of HRG includes the generation of hydroxyferryl form of compound-II reported by Rovira [10] .
Formation of compound-II is coupled with generation of HRs. It also explains our earlier data where addition of NaN 3 in catalase/H 2 O 2 system increased HR generation. Azide is a known inhibitor of catalase activity as it enhances compound-II formation during catalytic reaction. HRGT explains the generation of inactive compound-II along with production of HRs. It also explains relatively slow conversion of compound-II into the resting state enzyme [4] .
Peroxidatic reactions of catalase
Mammalian catalase has shown limited ability to act as peroxidase, known as peroxidatic activity. The peroxidatic reactions are noticeable at low H 2 O 2 concentrations whereas the catalatic reaction predominates at higher H 2 O 2 concentrations [3] . Catalase, with less than 10 µM H 2 O 2 , exhibits significant levels of peroxidatic activity oxidizing ethanol and low molecular weight phenolic compounds [15] . Molecular ruler mechanism is based upon the fact that active site of catalase is accessible through a very narrow main channel allow only water and hydrogen peroxide molecules to enter [8] . The present HRGT explains the generation of acetaldehyde from ethanol and H 2 O 2 in different way. According to HRGT, the entry of ethanol in 25 Å long tunnel is not required. Hydroxyl radicals come out from the main or lateral channel and oxidize ethanol molecules (Figure 3) into acetaldehyde [12] . It should be noted that bound NADPH lies at the mouth of one of the lateral channels [7, 13, 14] . HRG take place at very low H 2 O 2 concentration thus HR produced are less in number. These HRs are mainly scavenged by NADPH and if left unchecked, ethanol molecules is not the only target for hydroxyl radicals. It all makes the peroxidatic activity relatively slow.
Role of NADPH
Hydrogen peroxide provides both oxidative and reductive potential during catalysis. Because of this the precise role of cofactor (NADPH) in enzyme activity remains open to speculation [11] . It was proposed that NADPH prevents the inactivation of catalase as compound-II. NADPH is present on the surface of the enzyme whereas the active site is deep buried. Both were accessible to each other by a 19 Å long lateral channel [8] , an electron tunnel, by which electrons can be exchanged. In cell, catalase bound NADPH becomes oxidized while transferring electron to active site and the resulting NADP + is then displaced by unbound NADPH present in cytosol. But now it has been revealed that bovine catalase can use unbound NAD(P)H without displacing catalase-bound NADP + [15] . The bound and unbound NADPH, both were equally effective to be reduced.
It is hard to accept that electrons, which are highly reactive, can pass through a 19 Å long tunnel [8, 13] without reacting with nearby amino acids. Moreover, the transfer of electron from an unbound NADPH to active site is also not palatable. Conversion from compound-II to ferricatalase requires single electron whereas NADPH provides two electrons for reduction. A model that resolved these difficulties assumed that an intermediate is formed between compound-I and compound-II. A problem with this model was neither the structure nor the absorption spectrum of the intermediate was known [16] . The kinetics of reaction was not completely explained [3] . According to Kirkman et al. [3] , the models of the function of bound NADPH should be compatible with two observations: (A) on exposure to H 2 O 2 generated at a constant rate, bovine liver catalase uses NADPH at a rate several times faster the rate at which compound-II is formed in the absence of NADPH, (B) the action of NADPH is largely prevention (rather than reversal) of compound-II formation [16] .
HRGT is compatible with both observations. As per Figure 1 , compound-II can be converted into resting state by releasing one HR. The process is slow but it would eliminate the significant number of compound-II molecules to be measured in absence of NADPH. Therefore the utilization of NADPH seems several times faster than compound-II formation in absence of NADPH. As per HRGT, NADPH act as a scavenger of HRs and it continuously removes HRs coming out from the 19Å long tunnel. In absence of NADPH these HRs will not be removed quickly from the lateral channel; thus from the active site hence the rate of forward reaction (conversion of compound-II into resting state) will be reduced. In this way NADPH prevents the persistence of compound-II. Present theory also explains the equal efficacy of bound and unbound NADPH to be oxidized. Bound and unbound NADPH, both are easily and equally accessible for HRs coming out from the lateral channel.
Endogenous donor
Kirkman and Gaetani [3] in their review proposed schemes for reducing various states of catalase using intermediate model with and without NADPH. The radicals of amino acids within the structure of catalase were accounted specific for the reduction of compound-I to form different intermediates. These one or more unspecified amino acids, referred as DH (Rea n 8, 9 & 10) were reduced by catalase bound NADPH (NADPH b ) through the two-electron (Rea n 11) or via a pair of single-electron steps (Rea n 12 & 13) [17] . In another study [8, 18] , authors emphasized on the ability of endogenous donors (tyrosine or another amino acid) to be recycled through reduction by a molecule (other than NADPH) that is constantly present. They also identified the need for creating and testing hypotheses concerning whether endogenous donors are recycled when NADPH is absent.
As per HRGT, the water molecule act as endogenous donor and are continuously present at active site. They are abundant (need not to be recycled) and can work in absence of NADPH. It was observed that water through its protons and heme iron has role in ROS generation [11] . Therefore, unspecified species 'D' (in Rea 
Catalase and UV light
Catalase has been identified as the source of ROS when cultures of skin cells (keratinocytes) were exposed to UVB light (290-320 nm) [20] . The nature of the ROS was unknown, but singlet oxygen and superoxide radicals seem to have been eliminated. This was speculated that NADPH may act as a cofactor regulating ROS generation by mammalian catalases [11] . Chelikani et al. [14] suggested that the effect could occur through bound NADPH and proposed that it should be tested whether it arises with catalase lacking bound NADPH. It was also proposed to test whether the most effective wavelengths for ROS production are those of the absorbance of bound NADPH. Structural analysis of the NADPH domains of several mammalian catalases revealed that the nucleotide is bound in a constrained conformation and that UVB irradiation induces NADPH oxidation and positional changes [11] . Biochemical and kinetic analysis indicated that ROS formation by the enzyme is enhanced by oxidation of the cofactor. Depending on the intracellular oxidant status, UVB light-induced catalase activity can be either protective (degrading peroxide) or toxic (generating ROS) [11] . The intracellular oxidant status was thought to be the capacity to reduce bound NADP + into NADPH by other cellular components.
NADPH cannot reduce the HRs (generated by catalase) if it is already oxidized by UVB light. These HRs will be released in cytosol and if left unchecked by intracellular oxidants like unbound NADPH and NADH, may augment toxic effects.
Implications of the hypothesis
In mammals, the role of catalase and its substrate (H 2 O 2 ) both needs to be explored completely. Recent studies provide evidence of interlink between intracellular catalase, amyloid aggregation and increased ROS generation; and role of these interactions in Alzheimer disease [21] . In normal physiological condition, HRG from catalase might be used for the H 2 O 2 mediated oxidation of amino acid residues which, as reported, are responsible for the physiological ageing of erythrocytes [22] .
The single HRGT with mechanism can explain almost all the unusual characteristics of mammalian catalase. It clarifies the role of NADPH and formation of compound-II. However, further studies are required to establish HRGT with its mechanism. If characterized completely, the HRGT provides the opportunity to explore the role of catalase again as an 'HR producer' in cell signaling, aging and apoptosis making it more relevant in human health and diseases.
